Specific heat ratio (γ), pseudo-Grüneisen parameter (Γ ), heat capacity (C p ) and effective Debye temperature (θ D ) for binary system of tetrahydrofuran with o-cresol and methanol respectively, were calculated using the experimentally measured densities, velocities and viscosities of the pure liquids and their mixtures over the whole composition range and at T = 293, 303, 313 K. The excess pseudo-Grüneisen parameter (Γ E ), excess molar isentropic compressibility (K E s ) and excess acoustic impedance (Z E ) were also calculated. The excess deviation functions have been correlated using Redlich-Kister polynomial equation. The observed values of the excess parameters plotted against the mole fraction of tetrahydrofuran have been explained on the basis of intermolecular interaction suggesting strong interaction in tetrahydrofuran + o-cresol than in tetrahydrofuran + methanol. Partial molar isentropic compressibility at infinite dilution and their excess values were calculated for each component. Sanchez theory, Goldsach-Sarvas volume fraction statistics, Sudgen's relation, Flory-Patterson-Rastogi and Brock and Bird model were used with the Aurebach relation to compute theoretically the values of ultrasonic velocities at varying temperatures. The velocity deviations were estimated in terms of average percentage deviations. Internal pressure for both the systems were calculated theoretically and discussed on the basis of relative applicability of the models in theoretical estimations. The isothermal compressibility (k T ), for these binary mixtures were theoretically evaluated by using the Flory statistical theory and five hard sphere models and compared with the experimental values.
Introduction
The present work is a continuation of systematic experimental studies on thermodynamic and transport properties of binary mixtures of tetrahydrofuran (THF) with o-cresol and methanol, as these solvents have important application in chemical industry and molecular technology.
Tetrahydrofuran is used as a solvent for polyvinyl chloride in printing inks, lacquers and adhesives, as well as an intermediate in the preparation of many industrial chemicals [1] . Tetrahydrofuran is an exceptionally useful solvent for reactions with organoalkali compounds [2] . o-cresol is mostly used as an intermediate for the production of pesticides, epoxy resins, dyes and pharmaceuticals, also as a component of disinfectants and cleaning agents. o-cresol is readily biodegradable and has a low bio-or geo-accumulation potential. In 90% of the uses, cresols are organic intermediates in manufacturing of phenolic and epoxy resins, plasticizers, herbicides, rubber and plastic antioxidants, dyes, deodorizing and odor-enhancing compounds, fragrances and pharmaceuticals [3] .
Methanol, also known as methyl alcohol, carbinol, wood alcohol, wood naphtha or wood spirit, is a polar liquid at room temperature and is used as an antifreeze, * corresponding author; e-mail: myasmin908@gmail.com solvent, fuel and as a denaturant for ethyl alcohol. It is also used for producing biodiesel via transesterification reaction. Methanol is a common laboratory solvent. The largest use of methanol by far, is in making other chemicals. About 40% of methanol is converted to formaldehyde and from there into products as diverse as plastics, plywood, paints, explosives and permanent press textiles.
The derived parameters such as specific heat ratio (γ), pseudo-Grüneisen parameter (Γ ), heat capacity (C p ) and effective Debye temperature (θ D ) which can be estimated from the experimental data give more comprehensive information about the structural and interactional aspects of the mixture at the microscopic level. The values of excess parameters have been estimated to study the possibilities and extent of the disruption of self association among the methanol and o-cresol molecules and the breaking of dipole-dipole interaction in THF along with hydrogen bonding between oxygen of THF molecule and hydrogen of -OH group of the alcohol and cresol molecule in the binary mixtures of THF with methanol and o-cresol, respectively. The estimated values of excess pseudo-Grüneisen parameter (Γ E ), excess molar isentropic compressibility (K E s ) and excess acoustic impedance (Z E ) are fitted into Redlick-Kister type polynomial equation to estimate the binary coefficient and standard deviations.
The study of ultrasonic velocity in liquids is well established forexamining the nature of intermolecular and intramolecular interactions in liquid system. Therefore, the ultrasonic measurements in liquids and its variation with temperature provide detailed information regarding the properties of the medium such as absorption, compressibility, intermolecular forces, molecular interactions, chemical structure and the energies of the molecules in motion. Here Internal pressure is the fundamental liquid property, which is the resultant of forces of attraction and repulsion between the constituents of liquids. As degree of cohesion differs from liquid to liquid, internal pressure provides useful information about the molecular interactions in the liquid systems. In the present work, various relations for estimation of internal pressure of liquids and liquid mixtures, e.g. thermodynamic relation, relation using empirical equations for α and k T , relation based upon Buehler-Hirschfelder-Curtiss equation of state and relation based upon Flory statistical theory have been used. Thermodynamic relation has been considered as an experimental method because the parameters used in the equation have been calculated with the help of experimental values of density. Estimated values of internal pressure have been analyzed in light of various theories involved and compared in terms of average percentage deviation.
The isothermal compressibility (k T ) of these binary mixtures were theoretically calculated in terms of pure components data by using Flory's theory and hard sphere models and the results were compared with the experimental values in terms of average percentage deviations.
Theoretical analysis
The previously measured experimental values of ρ, u and η [4] were used to calculate the values of different parameters.
Thermoacoustical parameters
The effective Debye temperature θ D can be evaluated by using the following expression [5] :
where u l and u t are the propagation velocities for longitudinal and transverse modes, respectively. V m is the molar volume and h, k and N are the Planck constant, Boltzmann's constant and Avogadro's number, respectively.
The two wave velocities may be expressed in terms of density (ρ m ), the instantaneous adiabatic compressibility (k s ) and Poisson's ratio (σ) for liquids exhibiting the quasi-crystalline properties, as follows:
where
and α, k T , C P represent the coefficient of linear expansion, the isothermal compressibility and the specific heat at constant pressure, respectively. Poisson's ratio can be obtained from the knowledge of the bulk modulus K T and the modulus of rigidity G T, which arise from the change in lattice spacing corresponding to the solid-like character of the liquid. The Poisson ratio [6, 7] is given by
and
where γ is specific heat ratio defined as
The pseudo-Grüneisen parameter has been defined in terms of specific heat ratio as
2.2. Excess parameters In order to substantiate the presence of interaction between the molecules, it is essential to study the excess parameters. Excess parameters, associated with a liquid mixture, are a quantitative measure of deviation in the behavior of the liquid mixture from ideality. The literature survey [8] [9] [10] reveals that most common way to evaluate the excess value of a given thermodynamic parameter is to use the equation
where symbols have their usual meaning.
Redlich-Kister polynomial equation
The composition dependences of the excess properties are correlated by the Redlich-Kister polynomial equation [11] :
The values of the coefficient a i were calculated by method of least squares along with the standard deviation σ(Y E ). The coefficients a i are adjustable parameters for a better fit of the excess functions.
The standard deviation values were obtained from relation
where n is the number of experimental points, p is the number of parameters, Y expt and Y cal are the experimental and calculated parameters, respectively.
Partial molar isentropic compressibility
Molar isentropic compressibility was calculated by the relation
The partial molar compressibilities K m,1 of THF and K m,2 of o-cresol and methanol in these mixtures were calculated adopting the approach used earlier [12, 13] for the calculation of partial molar volumes. K m,1 and K m,2 are evaluated using the following relations:
where K * m,1 and K * m,2 are the molar isentropic compressibilities of pure components THF and o-cresol or methanol, respectively.
We are interested to evaluate the partial molar isentropic compressibility of THF at infinite dilution (x 1 = 0) in o-cresol and methanol, respectively, and the partial molar isentropic compressibilities of o-cresol and methanol at infinite dilution (x 2 = 0) in THF. Therefore, K 0 m,1 is obtained by setting x 1 = 0, which leads to
Similarly, setting x 2 = 0, leads to
In Eqs. (14) and (15), K 0 m,1 and K 0 m,2 represent the partial molar isentropic compressibilities of THF at infinite dilution in o-cresol or methanol and the partial molar compressibilities of o-cresol or methanol at infinite dilution in THF, respectively.
Excess partial molar isentropic compressibilities at infinite dilution K E,∞ m,i for each component in binary liquid mixtures were evaluated through relations
Ultrasonic velocity
Here we have used five different models and relations for surface tension to predict the ultrasonic velocity theoretically. From the theoretically computed values of surface tension, we have calculated the ultrasonic velocity using Aurebach relation [14] .
Using the density measured over all composition range and ultrasonic velocity of pure liquids at 293, 303, and 313 K, surface tension of the system under investigation has been calculated by using following theories and relations.
Sanchez relation [15] has been applied successfully to binary liquid mixtures to deduce the values of surface tension of liquid mixtures
where k T i , ρ i , φ i and x i are the isothermal compressibilities, densities of pure liquids volume fraction and the mole fraction of the i-th component. A i is defined as
Goldsach and Sarvas [16] used the mole fraction and volume fraction statistics to obtain the following expression for the surface tension of non-electrolyte solutions and applied this equation to obtain surface tension of various organic liquid mixtures.
where A is the molar surface area. According to Sudgen, assuming that parachor [P i ] is additive with respect to mole number [17] , σ can be obtained for a binary mixture as
where M i is the molar mass of the pure component i and ρ is the density of mixture. Patterson and Rastogi [18] have used Flory statistical theory (FST) to calculate surface tension which in turn is used to evaluate ultrasonic velocity in liquid mixtures. The following relation was used to calculate characteristic surface tension [14] :
where k, P * and T * are the Boltzmann constant, characteristic pressure and temperature, respectively. Thus the surface tension of a liquid mixture is given by the relation
Starting from the work of Prigogine and Saraga the equation for reduced surface tension [19] is given bỹ
where M is the fraction of nearest neighbors that a molecule loses on moving from the bulk of the liquid to the surface. Another theoretical model we analyzed is due to Brock and Bird [17] , which obtains the surface tension of pure components only from the values of critical parameters. Using a suggestion by Miller, Brock and Bird expression for a binary mixture is given by
where (27) and P cm , T cm , T br are the critical pressure, critical temperature and boiling temperature for the mixture.
Internal pressure
A number of relations can be utilized to estimate the internal pressure in pure liquids and liquid mixtures. Some of them are summarized here.
Thermodynamical relation
The relation among applied pressure (P ), molar volume (V ), temperature (T ) and molar internal energy (U ) is given by thermodynamic relation
The isothermal internal energy-volume coefficient 
Relation using empirical equations for α and k T
From the empirical equations for thermal expansion coefficient α and isothermal compressibility k T [20] we get
Relation based upon Buehler-Hirschfelder-Curtiss equation of state
With the help of equation proposed by Buehler et al. [21, 22] the internal pressure can be given as
where V is the molar volume, d is the molecular diameter, T is the absolute temperature and R is the gas constant.
Relation based upon Flory statistical theory
Knowing the thermal expansion coefficient α and isothermal compressibility k T of pure liquid components, the values of α and k T for liquid mixture can be evaluated as
whereṼ is the reduced volume, T is the absolute temperature and P * is the characteristic pressure. Using the values of α and k T thus obtained, one can evaluate the internal pressure of the liquid mixture using the relation
Isothermal compressibility
The values of isothermal compressibility k T for the binary mixtures were predicted by the equation based on Flory's statistical theory [23, 24] and five rigid sphere equations [25] based on various hard sphere models which are Thiele-Lebowitz model [26, 27] , Thiele model [26] , Guggenheim model [28] , Carnahan-Starling model [29] and Hoover-Ree model [30] . The experimental k T values were calculated using the relation
where C p is the heat capacity.
Results and discussion
The calculated values of specific heat ratio (γ), heat capacity (C p ), effective Debye temperature (θ D ) and pseudo-Grüneisen parameter (Γ ) for THF + o-cresol and THF + methanol mixture with mole fraction of THF (x 1 ) at T = 293, 303, 313 K are given in Tables I and II, respectively. The values of coefficient a i evaluated using the method of least squares for both the mixtures are given in Table III Tables I and II reveal that the values of specific heat ratio (γ), pseudo-Grüneisen parameter (Γ ) and effective Debye temperature (θ D ) decrease with increase in temperature for both the mixtures, whereas heat capacity (C p ) increases as temperatures increases. It is also observed that these parameters are affected by changing the mole fraction of THF. Γ , θ D and C p vary almost linearly with composition. The values of γ and Γ increase on increasing the mole fraction of the component having higher molecular weight. However, non-linear variation of γ with mole fraction has been observed for both the mixtures.
The nature and sign of excess functions can be explained in terms of the molecular interactions considering both the positive and negative contributions. It can be seen from Fig. 1 that the values of excess pseudo--Grüneisen parameter (Γ E ) are negative for both the binary mixtures which indicate the presence of specific intermolecular interaction through hydrogen bonding between the oxygen atom of tetrahydrofuran and hydrogen atom of o-cresol and methanol. The values of Γ E increase with temperature, which suggests that there is an increase in strength of interaction with temperature in both the mixtures. The values are more negative for THF + o-cresol as compared to THF + methanol which implies that the intermolecular interaction is stronger in THF + o-cresol which may be due to the reason that phenoxide ion of o-cresol is stabilized to a greater extent through resonance as compared to hydroxide ion of methanol thus making the phenol more acidic in nature. The values of excess molar isentropic compressibilities (K E s ) (Fig. 2) for THF + o-cresol mixture are found to be negative over the entire composition range, which indicates that the mixture is less compressible than the corresponding ideal mixture. The values of K E s increase with temperature, suggesting an increase in intermolecular interaction between the unlike molecules due to thermal energy. However, the excess molar isentropic compressibilities for THF + methanol mixture are slightly negative in methanol rich region, turning to small positive values in THF rich region in observed temperature range. This indicates that dispersive forces are also operating in case of THF + methanol, in THF rich region.
Specific acoustic impedance is a quantity, which depends on the molecular packing of the systems. Excess acoustic impedance (Z E ) is positive for THF + o-cresol and THF + methanol mixtures and the values increase with increase in temperature. The positive values of Z Table IV . These values can be interpreted in terms of structural compressibility, which results from the breakdown of associated structure on mixing of THF in alcohol and cresol as well as geomet- rical compressibility which is due to simultaneous compression of the molecules leading to contraction in volume and decrease in the average intermolecular distances due to the formation of hydrogen bond between unlike molecules. It is observed from Table IV that ], introduced by Sudgen, has been calculated by using density thereby follows the same behavior. Earlier workers [31] [32] [33] also arrived at the same conclusion about Sudgen's method for evaluation of surface tension. Brock and Bird theory is found to give large deviations in case of THF + methanol in methanol rich region. Figures 4 and 5 are the graphical depiction of the ultrasonic velocities evaluated by various theories which show the relative deviations from the experimental values.
Internal pressures in the two binary mixtures have been computed using Eqs. (28) to (34) . The computed values of internal pressure are depicted in Tables VIII and IX. It can be seen from these tables that internal pressure of THF + o-cresol mixtures is greater than that for THF + methanol. As far as various methods for estimating internal pressure in pure liquids and liquid mixtures are concerned, Eq. (34), based upon Flory statistical theory is found to give satisfactory results in case of THF + o-cresol where as it is found to give large deviations in case of THF + methanol. This may be due to the relation derived which is based upon some adjustments and the approach uses more than one empirical relations, which are not adjusted for methanol. The relation using empirical equations for α and k T, based upon BuehlerHirschfelder-Curtiss equation of state, and the thermodynamic relation show good agreement with the experimental values for both the mixtures. The experimental and predicted values of k T using Flory's statistical theory and five hard sphere models with average percentage deviations at 293 K are given in Table X Figure 6 shows the relative variation of k T with the experimental values. It suggests that the values predicted by the Flory theory, Thiele model and Hoover-Ree model are near to the experimental values over the whole composition range.
Conclusions
The observed values of thermodynamic and excess parameters for both the mixtures show that the molecular interaction is stronger in the binary mixture of THF + o-cresol. Further the theories used for estimation of velocities show good agreement with the respective measured values of ultrasonic velocity, except the Brock and Bird theory, which gives large deviations for THF + methanol mixture. Various empirical and semi-empirical relations for theoretically predicting the internal pressure for binary mixtures give reasonably good result for both the mixtures. However, Buehler-HirschfelderCurtiss equation of state and the relation using empirical equations for α and k T are best suited for the prediction of internal pressure in both the mixtures. Models by Hoover-Ree and Thiele for evaluating the isothermal compressibility give very small deviations from the experimental values in comparison to the other models.
